Indium complexes supported by a chiral bidentate ligand L, InL 2 X [L = ( t Bu) 2 P(O)CH 2 CH( t Bu)O, X = N(SiMe 3 ) 2 , OAr, L] have been made, and the ability of the third ligand X to influence the homochirality of the resulting complexes RR-InL 2 X and SS-InL 2 X studied. All three complexes are efficient single-component initiators for the ring-opening polymerization of rac-lactide with reasonable isotacticity, and despite its poorly defined structure, InL 3 is the best initiator among the three.
Introduction
Polylactide (PLA) is a biocompatible and biodegradable polyester produced by ring-opening polymerization (ROP) of lactide, a cyclic ester from natural sources. Polylactide possesses versatile physical properties and has been widely used in tissue engineering and in media for the controlled release of drugs. [1] [2] [3] [4] ROP of lactide by single-site catalysts is the most efficient route to PLAs with a predicted molecular weight and narrow molecular weight distribution. The past two decades have particularly witnessed the development of initiators for improved polymer stereochemistry, one of the most critical factors in determining the physical and mechanical properties of a polymeric material. [5] [6] [7] [8] Catalysts with excellent enantioselective control over the chain initiation and propagation steps have been reported. [9] [10] [11] [12] [13] [14] [15] A wide variety of Al III catalysts, particularly those supported by SALEN-or SALAN-type ancillary ligands, have been demonstrated to show excellent molecular weight and stereochemical control in the ring-opening polymerization of lactide, such as A (see Chart ). [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] However, from the rest of the complexes of group 13 metals, there are only two reported examples to date of a well-defined indium complex; B catalyzes the ROP of rac-lactide in a living manner, showing modest isoselectivity. 28, 29 It has recently been shown that simple mixtures of indium trichloride, benzyl alcohol, and triethylamine catalyze the ROP of rac-lactide to form highly heterotactic polylactide, 30 and indium complexes have previously shown some potential as ROP initiators of ε-caprolactone polymerization.
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Chart 1.
We previously reported that a racemic mixture of a bidentate proligand rac-HL, which contains a single stereogenic center, is resolved into a mixture of two homochiral C 3 -symmetric complexes for the first time upon lanthanide complexation to form RRR-LnL 3 and SSS-LnL 3 , C. 32 The resolution affords about 80% of the product as a homochiral tris(L) complex, while the remaining 20% comprised diastereomers RRS-LnL 3 and SSR-LnL 3 . The utility of ligand self-recognition 33, 34 was demonstrated by the use of these chiral complexes as initiators for the formation of isotactic polylactide. More recently, we have shown that the bis(L) adduct YL 2 N′′ can be isolated from the reaction of YN′′ 3 with rac-HL (N′′ = N(SiMe 3 ) 2 ), but with a less efficient resolution: 65% of the product is homochiral RR-and SS-YL 2 N′′ and 35% is RS-YL 2 N′′. 35 As indium is a Lewis-acidic, trivalent metal with a smaller ionic radius than Y (r(In 3+ ) = 0.800 Å, r(Y 3+ ) = 0.900 Å), 36, 37 and a preference for five-coordinate geometries, 38 it was deemed that better resolution with L would result. It is generally regarded that indium metal is not toxic, but the toxicity of indium compounds has not yet been thoroughly investigated, so it is not clear yet how it compares to yttrium and lanthanide salts, which are regarded as nontoxic by ingestion. 39 Herein, we report the synthesis and characterization of chiral indium complexes InL 2 N′′ (1), InL 2 (OAr) (2) , and InL 3 (3) along with their molecular structures and activity in raclactide polymerization.
Experimental Section
General Details
All manipulations were carried out using standard Schlenk techniques, or a Vacuum Atmosphere double glovebox, under an atmosphere of dry nitrogen. Pentane, hexane, toluene, diethyl ether, and THF were dried by passage through activated alumina towers and degassed before use. DME was distilled from potassium under an atmosphere of dry nitrogen. All solvents were stored over potassium mirrors (with the exception of THF and DME, which were stored over activated 4 Å molecular sieves). Deuterated solvents were distilled from potassium, degassed by three freeze−pump−thaw cycles, and stored under nitrogen. Polymer Laboratories on an Agilent 1100 HPLC. Data were analyzed using ChemStation software. Polymer analysis was run using THF as the eluent at a flow rate of 0.5 mL/min at 35 °C. The polymer was detected using a RID detector. Polystyrenes (Polymer Laboratories) with a peak molecular weight range from 580 to 300 000 g/mol were used as standards. Calcd: C, 59.85%; H, 9.69%.
Synthesis of Complexes
Synthesis of InL 3 (3)
To a solution of InN′′ 3 in THF (100 mg, 0.17 mmol, 2 mL) was added a THF solution of HL (132 mg, 0.50 mmol, 2 mL) at 25 °C, and the mixture heated for 7 days at 80 °C. Volatiles were removed under reduced pressure and the residual solid recrystallized from DME to afford colorless 3. The complex isolated was analyzed by NMR spectroscopy to be a mixture of isomers. Yield: 70.9 mg (47.0%).
CH). 
X-Ray Crystallographic Structure Determination for Complexes 1, 2, and 3
Single crystals of 1, 2, and three different samples of 3 were mounted on a glass fiber and transferred to a
Bruker SMART APEX CCD diffractometer 41 equipped with a graphite-monochromated Mo Kα radiation source (λ = 0.71073 Å) and ω scan measurement. Data were integrated using SAINT, and absorption correction was performed with the program SADABS. Structure solution and refinement was carried out using the SIR 92 program, 42 WinGX, 43 and the SHELXTL 44 suite of programs, and graphics were generated using
Ortep. 45 All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were placed using a "riding model". Details are given in Table 1 . Single crystals of 1 were grown from a cooled hexane solution; single crystals of 2 and 3′ were grown via evaporation of a DME solution, and single crystals of 3 were grown from a cooled hexane/DME solution.
Lactide Polymerization
General procedure: a Schlenk flask was charged with rac-lactide (500 mg, 3.47 mmol), which was dissolved in the volume of solvent required (to give the ratio in the A reaction mixture of InN′′ 3 and 2 equiv of HL at −78 °C was allowed to warm to room temperature and worked up after 16 h to afford diastereomers of the complex 1, rac-InL 2 N′′ (eq1).
Enantiopure R-HL was also used in the synthesis of diastereomerically pure InL 2 N′′ (i.e., RR-InL 2 N′′, 1a). A reaction between InN′′ 3 and 3 equiv of HL at 80 °C for seven days afforded the complex rac-InL 3 3 after workup (eq 3).
The NMR spectra of solutions of analytically pure 3 in benzene-d 6 (Figure SI4 ). At low temperatures (238 K), the 31 Thus, although the bulk composition and purity of 3 has been confirmed, the number of species and identification of the range of structures of the compounds present in the bulk has not been possible. Different batches of single crystals have been structurally analyzed to provide further insight (vide infra). However, considering that one ligand is lost upon initiation of lactide polymerization, it seemed reasonable to study the utility of 3 as a polymerization initiator in spite of our incomplete understanding of its solution structure.
Crystal Structures of Complexes 1−3
Crystals Structures of Complexes 1 and 2
Colorless crystals of complexes 1 and 2 suitable for a single-crystal X-ray diffraction study were grown from a hexanes solution and a DME solution, respectively. The molecular structures are depicted in Figure 1 
Crystal Structure of rac-InL 3 , 3
Three different batches of crystals of 3 suitable for a single-crystal X-ray diffraction study were isolated from concentrated DME solution or a mixture of hexane and DME solution, two afforded mer-RRR-InL 3 and one afforded fac-RRR-InL 3 . Figure 2 contains drawings of the two different molecular structures. The C 3 -symmetric, octahedrally coordinated RRR-InL 3 /SSS-InL 3 was observed for complex 3( Figure 3a) . This is the same structure as was found by spectroscopic and X-ray diffraction analyses for the lanthanide analogs with a fac ligand arrangement. However, in 3′, one of the ligands points in the opposite direction, b in Figure   3 , forming a homochiral octahedral complex with a mer ligand conformation. Interestingly, the only significant difference in the coordinated ligand geometries is that In−OP in the mer ligand is longer than the two other In−OP bond lengths (compare In−O5 = 2.3333 Å with In−O1 = 2.2768 Å and In1−O3 = 2.2707 Å). This is shown in Table 2 , and highlighted visually in a space-filling plot, in comparison with YL 3 (see Supporting Information, Figure SI 14 ). From the above data on 3, we conclude that, even in the compound made from enantiopure ligands, there are at least three isomers present in the solid state and in solution: fac, mer, and a five-coordinate InL 3 isomer with a free PO (presumably five-coordinate and not dimeric). First, rac-InL 2 N′′ ( 1) was tested as an initiator for the polymerization of rac-lactide (eq 4). A solution of 1 was added to a solution of rac-lactide; the polymerization conditions and results are collated in Table 3 . 
Polymerization of L-and rac-Lactide
Polymerization rac-Lactide Initiated by rac-InL 2 (OAr) 2 and rac-InL 3 3
The data from a series of polymerizations of rac-lactide by 2 and 3 in dichloromethane solution are collated in Table 5 . The GPC chromatogram traces show shoulders on the main peaks at low conversion (Table 5 , entries 17−19), but these disappear at high conversion (Table 5, PDI of 1.66); and finally, 1 is the poorest (25% conversion, M n,exp of 37 000 g/mol, PDI of 1.96). These observed data correlate well with the expected rate of insertion of the initial lactide monomer being faster into a metal-alkoxo, followed by aryloxo, and finally an amido bond, see also the data in Figure 4b . [47] [48] [49] Thus, 3 is behaving as a predominantly five-coordinate species in solution, or the sixth (PO) arm is particularly labile in this complex, observations backed up by the NMR and FTIR spectroscopic studies above.
Determination of the stereochemical microstructure of the PLA was achieved through inspection of the methine region of homonuclear decoupled 1 H NMR spectra of the resultant polymers ( Figure 5 ). These polymers display a reasonable degree of isotacticity, which is desirable for the formation of higher melting stereocomplexes from lactide polymers. 
Conclusion
We have synthesized a series of five-and six-coordinate indium complexes derived from chiral ( t remarkably. Complex rac-InL 3 (3) had the highest activity and stereoselectivity among all complexes, despite the spectroscopic data, suggesting that it is not a configurationally well-defined complex. We suggest that if complex 3 is mostly present in solution as a homochiral, but only as five-coordinate species, then the third, monodentate ligand L may act as an initiating alkoxide group for chain end control. This still leaves a chiral pocket at the metal generated by the two remaining L's, which helps to control further insertions of chiral lactide monomers. Studies of the polymerization of other biorenewable monomers by these complexes are in progress.
